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Thermal denaturationAbstract Alcohol-induced structural changes in the acid-denatured Bacillus licheniformis a-amy-
lase (BLA) at pH 2.0 were studied by far-ultra violet circular dichroism, intrinsic, three-dimensional
and 8-anilino-1-naphthalene sulfonic acid (ANS) ﬂuorescence, acrylamide quenching and thermal
denaturation. All the alcohols used in this study produced partial refolding in the acid-denatured
BLA as evident from the increased mean residue ellipticity at 222 nm, increased intrinsic ﬂuores-
cence and decreased ANS ﬂuorescence. The order of effectiveness of these alcohols to induce a par-
tially folded state of BLA was found to be: 2,2,2-triﬂuoroethanol/tert-butanol > 1-propanol/2-
propanol > 2-chloroethanol > ethanol > methanol. Three-dimensional ﬂuorescence and acrylam-
ide quenching results obtained in the presence of 5.5 M tert-butanol also suggested formation of a
partially folded state in the acid-denatured BLA. However, 5.5 M tert-butanol-induced state of
BLA showed a non-cooperative thermal transition. All these results suggested formation of a par-
tially folded state of the acid-denatured BLA in the presence of these alcohols. Furthermore, their
effectiveness was found to be guided by their chain length, position of methyl groups and presence
of the substituents.
ª 2014 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In order to perform their biological functions, proteins fold
spontaneously into three-dimensional structures (native state)
from a linear polypeptide chain of amino acid residues [4].
Misfolding in the transformation to the native state of the pro-
tein has been shown to cause the development of protein fold-
ing diseases such as prion, Alzheimer and Parkinson’s diseases
[44,54,60]. In order to overcome this problem, studies on the
S350 A.A.A. Halim et al.mechanism of protein folding and protein stability involving
characterization of various intermediates and denatured state
of a protein become an important subject [14,38,43,50]. Many
techniques have been employed to identify these states of pro-
teins [15,20,38]. Information about how and when various
non-covalent forces guide the folding process of a polypeptide
chain into a functional protein can be obtained by the identi-
ﬁcation of various intermediates [22,47]. Formation of an
intermediate state (a partially-folded state) can be induced by
exposure of the protein to the low pH or addition of alcohols
or other denaturing agents [23,25,30]. Many reports have
shown retention of some native-like secondary structures in
the partially folded states of proteins, obtained in the presence
of ﬂuoroalcohols [9,16,17,24,49,59]. Alcohols are known to
stabilize the a-helical structure by reducing the exposure of
peptide backbone in the unfolded proteins [27,48]. However,
the effectiveness of an alcohol in inducing a-helical structure
depends on the number of hydrocarbon groups, location of
the hydroxyl groups, presence of ﬂuorine atoms or any other
constituent groups in the alcohol [17,24,59]. Although, a simi-
lar order of effectiveness has been shown among various alco-
hols in inducing a-helical structure in various proteins,
differences have been noticed in terms of the concentration
requirement to achieve the completion of the transition
[17,24,59].
Bacillus licheniformis a-amylase (BLA) has been widely
used in various industries in the production of maltodextrin,
alcohols, baking, textile and detergent industries for the initial
starch hydrolysis [2,6,33,37,52]. BLA is a highly thermostable
enzyme and possesses higher thermal stability compared
to Bacillus amyloliquefaciens a-amylase (BAA) even though
both enzymes show 81% identity and 88% similarity in
their primary sequence [10]. Thus, it becomes important to
understand the mechanism of protein folding and structural-
stability of BLA [46]. Acid denaturation studies on BLA have
shown the completion of transitions at pH 2.0, while at pH
4.0, the state of this enzyme has been characterized as a
molten globule state [46]. Although the effect of 2,2,2-triﬂuo-
roethanol (TFE) on the native state of BLA has been shown
in an earlier study [5] a detailed study involving the effect of
various alcohols on the acid-denatured state of BLA at pH
2.0 is lacking. Therefore, in the present study, we investigated
the effect of various alcohols on the acid-denatured state
of BLA obtained at pH 2.0, as monitored by far-ultra violet
circular dichroism (far-UV CD), intrinsic ﬂuorescence,
8-anilino-1-naphthalene sulfonic acid (ANS) ﬂuorescence,
three-dimensional (3-D) ﬂuorescence, acrylamide quenching
and thermal denaturation.
2. Materials and methods
2.1. Materials
Lyophilized B. licheniformis a-amylase (Catalog #A4551), 8-
anilino-1-naphthalene sulfonic acid, acrylamide, N-acetyl-L-
tryptophanamide (NATA), 2,2,2-triﬂuoroethanol, tert-butanol,
2-propanol and methanol were purchased from Sigma–Aldrich
Co., St. Louis, MO, USA. 2-Chloroethanol, ethanol and 1-pro-
panol were procured from Merck, Darmstadt, Germany. Tris
base was obtained from Amresco, Irvine, CA, USA. All other
chemicals used were of analytical grade purity.2.2. Analytical procedures
The concentrations of the stock solutions of BLA, ANS and
NATA were determined spectrophotometrically on a Shima-
dzu double-beam spectrophotometer, model UV-2450, using
molar extinction coefﬁcients of 139,690 M1 cm1 at 280 nm
[35], 5000 M1 cm1 at 350 nm [29] and 5630 M1 cm1 at
280 nm [1], respectively. The molar enzyme concentrations
used in this manuscript were estimations based on the value
of the molar extinction coefﬁcient of BLA reported by Nazmi
et al. [35].
2.3. Circular dichroism
A Jasco spectropolarimeter, model J-815 was used for circular
dichroism (CD) measurements after calibrating the instrument
with (+)-10-camphorsulfonic acid under constant nitrogen
ﬂow. All CD measurements were made at 25 C using a ther-
mostatically-controlled cell holder. The far-UV CD spectra
were recorded in the wavelength range, 200–250 nm, using a
protein concentration of 1.7 lM in a 1 mm path length cuvette
while 3.4 lM protein concentration and 10 mm path length
cuvette were used to measure the near-UV CD spectra in the
wavelength range, 250–300 nm. Each spectrum was the aver-
age of three scans with a scan speed of 100 nm/min and a
response time of 1 s. The results are expressed as mean residue
ellipticity (MRE) in deg cm2 dmol1 after subtracting the CD
spectral contribution of the appropriate blanks, using the fol-
lowing equation:
MRE ¼ hMRW=10 c l
where different terms i.e. h, MRW, c and l refer to ellipticity in
millidegrees, mean residue weight (molecular weight,
55,200 Da/number of amino acid residues, 483 [57] of the pro-
tein, protein concentration in mg/mL and the optical path
length in cm, respectively. The MRE values, thus obtained
were estimations based on the data of molecular weight and
amino acid residues obtained from the above reference. The
method of Chen et al. [8] was used to calculate the a-helical
content in the protein.
2.4. Fluorescence spectroscopy
Fluorescence measurements were carried out on a Hitachi ﬂuo-
rescence spectrophotometer, model F-2500. The emission spec-
tra were recorded in the wavelength range, 300–400 nm upon
exciting the protein solution (0.1 lM) at 280 nm, using a
quartz cuvette of 1 cm path length. Both excitation and emis-
sion slits were ﬁxed at 10 nm each.
ANS ﬂuorescence spectra were measured in the wavelength
range, 400–600 nm upon exciting the protein sample (0.6 lM)
at 380 nm. The ANS: protein molar ratio was ﬁxed at 50:1
throughout the measurements and the ﬂuorescence spectra
were corrected by subtracting the ﬂuorescence contribution
of the appropriate blanks.
A Jasco spectroﬂuorometer, model FP 6500 was used for
three-dimensional (3-D) ﬂuorescence measurements. The ﬂuo-
rescence spectra of the protein (0.1 lM) were measured using
the emission and excitation wavelength ranges as 220–500
and 220–400 nm, respectively, with 10 nm increment. The
number of scanning curves was 19. The ﬂuorescence spectra
Figure 1 Effect of increasing alcohol concentrations on the
MRE222nm values of the acid-denatured BLA (1.7 lM) at pH 2.0,
25 C. Various alcohols used were: TFE (n), 2-chloroethanol (h),
tert-butanol (s), 2-propanol (d), 1-propanol ( ), ethanol (4) and
methanol (m).
Alcohol-induced structural transitions S351were corrected for the ﬂuorescence contribution of the appro-
priate buffer.
2.5. Preparation of the native and the acid-denatured BLAs
The native BLA solution was prepared in 10 mM Tris–HCl
buffer, pH 7.0 whereas the acid-denatured BLA solution was
made by dissolving the protein in 10 mM glycine–HCl buffer,
pH 2.0. This solution was incubated for 12 h at 4 C and ﬁl-
tered through 0.45 lM Millipore ﬁlter.
2.6. Alcohol-induced structural transitions
These experiments involved the titration of the acid-denatured
BLA with increasing concentrations of different alcohols. A
constant volume (0.5 mL) of the protein solution (acid-dena-
tured BLA), taken in different tubes, was mixed with increas-
ing concentrations (0–12 M) of different alcohols. The total
volume (5.0 mL) of the incubation mixture was made with
10 mM glycine–HCl buffer, pH 2.0, if required. Blank solu-
tions were prepared in the same way except that the protein
solution was substituted with the same volume of the above
buffer. These solution mixtures were incubated for 30 min at
25 C before CD and ﬂuorescence measurements.
For ANS-binding experiments, 0.5 mL of the ANS stock
solution (300 lM) was added to the alcohol-protein mixtures
containing a ﬁxed amount of the protein (0.6 lM) and varying
alcohol concentrations (0–12 M), preincubated for 30 min at
25 C. The spectral measurements of the incubation mixture
(5.0 mL) were made after additional 20 min. The contribution
of the blank ﬂuorescence spectra (if any) was subtracted from
the ﬂuorescence spectra of the protein.
The Cm (mid-point concentration) values i.e. the concentra-
tion of alcohol required to achieve 50% alcohol-induced state
of BLA were determined directly from the transition curves.
2.7. Acrylamide quenching
Acrylamide quenching experiments were carried out on a
Hitachi ﬂuorescence spectrophotometer, model F-2500. In
order to get the desired acrylamide concentration in the
range of 0.02–0.25 M, increasing volumes of the stock acryl-
amide solution (2.0 M) were added to 0.5 mL protein solu-
tion (0.6 lM) of different BLA samples (native BLA and
the acid-denatured BLA both in the absence and the presence
of 5.5 M tert-butanol) or NATA solution. The total volume
(3.0 mL) was made up with the respective buffers to get the
ﬁnal concentration of BLA and NATA as 0.1 and 1.7 lM,
respectively. The solution mixtures were incubated for
30 min in the dark and the emission spectra were recorded
in the wavelength range, 300–400 nm upon excitation at
295 nm in order to excite the tryptophan (Trp) residues only.
The ﬂuorescence intensity values of each sample were cor-
rected with respective blanks and the data were analyzed fol-
lowing the Stern–Volmer equation as described earlier [12].
2.8. Thermal denaturation
CDmeasurements at 222 nm were employed to study the effect
of temperature (25–100 C) on different states of BLA (native,acid-denatured and 5.5 M tert-butanol-induced states). The
scan rate used was 1.0 C/min. The ellipticity values were
transformed into MRE values as described above. The melting
temperature (Tm) values i.e. the temperature required to
achieve 50% thermal-induced state of BLA were determined
directly from the transition curves.
3. Results and discussion
3.1. Alcohol-induced structural transitions in the acid-denatured
BLA
Different spectroscopic probes such as MRE222nm, intrinsic
ﬂuorescence and ANS ﬂuorescence were used to investigate
the effect of various alcohols including two halogenols (TFE
and 2-chloroethanol) and ﬁve alkanols (tert-butanol, 1-propa-
nol, 2-propanol, ethanol and methanol) on the acid-denatured
state of BLA at pH 2.0.
3.1.1. Far-UV CD
Alcohols are known to induce a-helical structures in proteins
[13,17,49,59]. The above selected alcohols were tested for this
property by titrating the acid-denatured BLA with increasing
alcohol concentrations. Fig. 1 shows the effect of increasing
concentrations of these alcohols on the acid-denatured state
of BLA, as monitored by MRE222nm measurements. The tran-
sition curves showed a sigmoidal increase in the MRE222nm
of the acid-denatured BLA with the increase in alcohol con-
centration. Except methanol, all other alcohols produced qual-
itatively similar results, showing a plateau region at higher
alcohol concentrations as evident from the nearly constant
value of MRE222nm. However, these transition curves can be
distinguished from each other both in terms of the Cm value
and the highest MRE222nm value achieved. Table 1 shows the
Cm values of the alcohol-induced structural transitions, as
obtained from the transition curves (Fig. 1). Values of the
Table 1 Characteristics of alcohol-induced structural transitions of the acid-denatured BLA at pH 2.0 as studied by MRE222nm,
intrinsic ﬂuorescence and ANS ﬂuorescence measurements.
Alcohols Cm
a Cm
b Cm
c Max. MRE222nm
a
[M] [M] [M] (deg cm2 dmol1)
Methanol   3.2 ± 0.14 –10,132 ± 392
Ethanol 5.9 ± 0.14 5.7 ± 0.20 2.8 ± 0.07 –13,766 ± 104
2-Chloroethanol 4.0 ± 0.14 3.2 ± 0.06  –14,930 ± 296
1-Propanol 3.0 ± 0.14 3.2 ± 0.07 2.0 ± 0.10 –12,952 ± 579
2-Propanol 3.1 ± 0.21 3.3 ± 0.00 2.2 ± 0.07 –13,907 ± 167
tert-Butanol 2.5 ± 0.08 2.8 ± 0.07 1.8 ± 0.07 –14,702 ± 530
2,2,2-Triﬂuoroethanol 2.5 ± 0.08   –16,322 ± 272
a Obtained from the transition curves shown in Fig. 1.
b Obtained from the transition curves shown in Fig. 2.
c Obtained from the transition curves shown in Fig. 3.
Figure 2 Effect of increasing alcohol concentrations on the
intrinsic ﬂuorescence intensity at 344 nm of the acid-denatured
BLA (0.1 lM) at pH 2.0, 25 C upon excitation at 280 nm.
Various alcohols used were: TFE (n), 2-chloroethanol (h), tert-
butanol (s), 2-propanol (d), 1-propanol ( ), ethanol (4) and
methanol (m).
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trations are also presented in the last column of Table 1.
The Cm value is considered to be an indicator for evaluating
the effectiveness of alcohols in inducing helical structures in
proteins [17]. For example, an alcohol with a smaller Cm value
is considered to be highly effective in inducing the helical struc-
ture, whereas the one with a larger Cm value as the least effec-
tive. Both TFE and tert-butanol were found to be the most
effective among all selected alcohols due to the lowest Cm value
(2.5 M). On the other hand, methanol appeared to be the
weakest a-helix inducer as reﬂected from the incomplete tran-
sition curve obtained within the selected alcohol concentration
range. The relative effectiveness of these alcohols was found to
follow the order: TFE/tert-butanol > 1-propanol/2-propa-
nol > 2-chloroethanol > ethanol > methanol. These results
were in agreement with the published reports on other pro-
teins, showing a similar trend of relative effectiveness of these
alcohols [17,24,59]. Although TFE and tert-butanol were
found indistinguishable in terms of the Cm value, TFE pro-
duced greater helicity compared to tert-butanol as evident
from the highest MRE222nm value achieved at the highest alco-
hol concentration (Table 1). Whereas the effectiveness of the
alcohol was found to be positively correlated with the chain
length among methanol, ethanol and propanol, introduction
of methyl groups further enhanced the effectiveness, as
reﬂected from the comparisons of 2-propanol and tert-butanol.
Presence of halogen atoms (chlorine, Cl and ﬂuorine, F) also
seemed to increase the effectiveness of the alcohol, as observed
from the comparison of ethanol, 2-chloroethanol and TFE,
being more pronounced with ﬂuorine atoms. Furthermore,
increase in the number of halogen atoms in an alcohol also
adds toward its effectiveness since TFE showed greater effec-
tiveness among these alcohols [17,18]. Greater electronegativ-
ity of the ﬂuorine compared to chlorine may account for its
greater effectiveness in inducing helical structure in proteins
[11].
3.1.2. Intrinsic ﬂuorescence
Alcohol-induced tertiary structural changes in the acid-dena-
tured BLA were studied by intrinsic ﬂuorescence measure-
ments at 344 nm. Fig. 2 shows titration results of the acid-
denatured BLA with increasing concentrations of various alco-
hols. Except TFE, the rest of the alcohols produced a gradual
increase in the ﬂuorescence intensity at 344 nm with increasingalcohol concentrations, which sloped off at higher alcohol con-
centrations. However, methanol showed a continuous increase
in the ﬂuorescence signal up to 12 M. Increase in the ﬂuores-
cence intensity at 344 nm suggested burial of both Trp and
Tyr residues in a nonpolar environment due to structural reor-
ganization in the acid-denatured BLA induced by these alco-
hols. Since there are 30 Tyr and 17 Trp residues in BLA, of
which 21 Tyr and 8 Trp residues are distributed in the domain
A (PDB, entry code 1BLI), it is estimated that domain A might
have undergone greater restructuring at higher alcohol concen-
trations based on the Tyr and Trp distribution provided in the
above reference. Quantitative analysis of these results was
made with the help of the Cm values, shown in Table 1. These
values were found relatively similar, within experimental error
to those obtained with MRE222nm probe, suggesting greater
effectiveness of tert-butanol and least effectiveness of methanol
among all selected alcohols. Furthermore, alcohol-induced
states were found to be similar in case of 1-propanol, 2-propa-
nol and ethanol with respect to Trp and Tyr locale, as evident
from the similar ﬂuorescence intensity values at 344 nm
achieved at the highest alcohol concentrations.
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ing an initial increase in the ﬂuorescence signal up to 2.5 M
beyond which a gradual decrease in the ﬂuorescence intensity
was noticed up to 8 M. A similar behavior has been observed
with other proteins [32,34]. Presence of the triﬂuoromethyl
group in TFE may account for such anomaly of the quenching
effect on the intrinsic ﬂuorescence of the acid-denatured BLA,
observed at higher alcohol concentrations. This quenching
effect may result due to excited proton transfer from ﬂuori-
nated alcohol to the indole ring of the Trp residues [40], as
both higher electronegativity of the ﬂuorine atoms and larger
ﬁeld effect of the triﬂuoromethyl group present in the TFE
make it an active proton donor [36,40].
3.1.3. ANS ﬂuorescence
ANS is known to bind the hydrophobic regions of the protein
and produces ﬂuorescence in the wavelength range, 400–
600 nm with the emission maximum occurring at 470–490 nm
[9,16,24,59]. Hence, it has been successfully used to monitor
structural changes in proteins during both denaturation and
renaturation processes [31,41]. We also studied structural ref-
ormation in the acid-denatured BLA induced by various alco-
hols using ANS ﬂuorescence as a probe. Fig. 3 shows
structural transitions of the acid-denatured BLA induced by
various alcohols, as monitored by ANS ﬂuorescence measure-
ments at 474 nm. Except TFE and 2-chloroethanol, other alco-
hols showed restructuring of the acid-denatured BLA into a
compact state due to burial of the hydrophobic regions of
the protein, as evident from the decrease in the ANS ﬂuores-
cence intensity. Although these transitions showed completion
at higher alcohol concentrations, differences were noticed in
the range of the alcohol concentration needed for completion
of the transitions. Interestingly, all alcohol-induced states were
found to be similar in terms of the surface hydrophobicity
make-up. A quantitative analysis of the effectiveness of these
alcohols in inducing structural reorganization in the acid-dena-Figure 3 Effect of increasing alcohol concentrations on the ANS
ﬂuorescence intensity at 474 nm of the acid-denatured BLA
(0.6 lM) at pH 2.0, 25 C upon excitation at 380 nm. Various
alcohols used were: TFE (n), 2-chloroethanol (h), tert-butanol
(s), 2-propanol (d), 1-propanol ( ), ethanol (4) and methanol
(m). Inset shows the results obtained with TFE and 2-
chloroethanol.tured BLA showed lowest Cm value (1.8 M) achieved with tert-
butanol (being most effective) while methanol proved to be theFigure 4 Far-UV CD (A), intrinsic ﬂuorescence (B) and ANS
ﬂuorescence (C) spectra of different conformational states of BLA,
as obtained at 25 C. The protein concentration used was 1.7, 0.1
and 0.6 lM for far-UV CD, intrinsic ﬂuorescence and ANS
ﬂuorescence measurements, respectively. Different conformational
states of BLA are shown as: native state ( ), acid-denatured
state ( ) and 5.5 M tert-butanol-induced state ( ).
S354 A.A.A. Halim et al.least effective with a Cm value of 3.2 M (Table 1). The order of
effectiveness of these alkanols was tert-butanol > 1-propa-
nol > 2-propanol > ethanol > methanol. It is important to
note that the Cm values obtained with ANS ﬂuorescence data
did not match with the Cm values obtained from MRE222nm or
intrinsic ﬂuorescence measurements (Table 1). This is not sur-
prising as many earlier reports have shown differences in the
Cm values acquired with different probes [28,51]. Irrespective
of the lower Cm values obtained with ANS ﬂuorescence mea-
surements, trend of the effectiveness among various alcohols
remained the same as that obtained with MRE222nm or intrin-
sic ﬂuorescence measurements.
Presence of the halogen atom(s) in the alcohols produced
striking ANS binding results. Although an initial increase in
the ANS ﬂuorescence intensity was observed with TFE (0–
1.0 M) and 2-chloroethanol (0–0.5 M), it was more pro-
nounced (more than twice of the original value) in the presence
of 2-chloroethanol than TFE. Such increase in the ANS ﬂuo-
rescence intensity reﬂected formation of a compact denatured
state with a large number of surface-exposed hydrophobic
clusters, which were otherwise absent in the acid-denatured
BLA. This was also supported by our intrinsic ﬂuorescence
results, where TFE induced an initial increase in the ﬂuores-
cence intensity (Fig. 2), suggesting burial of the aromatic chro-
mophores. Taken together, an increase in the ANS
ﬂuorescence intensity in 2-chloroethanol-induced state
(obtained in the presence of 0.5 M 2-chloroethanol) points
toward the formation of an intermediate, characterized by
the compact state with surface-exposed hydrophobic clusters.
At higher halogenol concentrations (>1.0 M TFE and
>0.5 M 2-chloroethanol), both TFE and 2-chloroethanol pro-
duced a gradual decrease in the ANS ﬂuorescence intensity,
reaching to a minimum around 4.0 and 3.5 M, respectively.
A 25 nm red shift in the emission maximum was also noticed
in the presence of 3.5 M 2-chloroethanol. On the other hand,
4.0 M TFE-induced state showed a 4 nm blue shift in the emis-
sion maximum. Surprisingly, 2-chloroethanol showed a further
continuous increase in the ANS ﬂuorescence intensity up to
11.0 M reﬂecting formation of a compact denatured state with
a large number of surface-exposed hydrophobic clusters. A
decrease in the ANS ﬂuorescence intensity as observed with
both halogenols indicated burial of the hydrophobic clusters
in the protein interior, suggesting structural reformation of
the acid-denatured BLA into a compact state with buried
hydrophobic clusters. Due to different behaviors of these alco-
hols shown by titration curves (inset of Fig. 3), it appears that
alcohol-induced states produced by TFE and 2-chloroethanolTable 2 Physical characteristics of different conformational states
Property Native state
MRE222nm (deg cm
2 dmol1) –7557
% Helixa 17
Fluorescence intensity at emission maximum 871.2
Emission maximum (kex = 280 nm) 337 nm
ANS ﬂuorescence intensity at emission maximum 33
ANS emission maximum (kex = 380 nm) 448 nm
Stern–Volmer constant, KSV (M
1) 2.5
Co-operativity (Thermal transition) Yes
a Calculated by the method of Chen et al. [8].were different from each other. Since tert-butanol was found
to be the most effective in inducing both helical structures
and a compact state in the acid-denatured BLA among all
the alcohols studied, tert-butanol-induced state obtained at
5.5 M (at the saturation level) was characterized in detail.
3.2. Characterization of the 5.5 M tert-butanol-induced state
tert-Butanol-induced state of the acid-denatured BLA was
characterized with the help of far-UV CD, intrinsic ﬂuores-
cence, ANS ﬂuorescence and 3-D ﬂuorescence spectra, acryl-
amide quenching and thermal denaturation.
3.2.1. Far-UV CD spectra
A comparison of the secondary structural characteristics of
different states (native, acid-denatured and 5.5 M tert-butanol
induced states) of BLA was made using far-UV CD spectros-
copy. The far-UV CD spectrum of native BLA exhibited two
signiﬁcant negative peaks around 208 and 222 nm (Fig. 4A),
characteristics of the a-helical structure [30]. The a-helical con-
tent was calculated to be 17% (Table 2), which was similar to
a previously published value [5]. However, a signiﬁcant reduc-
tion (39%) in the MRE222nm value was noticed in the acid-
denatured BLA (Table 2), indicating loss of the secondary
structure. Furthermore, a slight blue shift in the peak positions
(occurring at 205 and 220 nm) was also observed. In addition,
the a-helical content was reduced to 8% (Table 2). Interest-
ingly, 5.5 M tert-butanol was found successful in enhancing
the MRE values, even higher than those obtained with native
BLA (Table 2). Consequently, there was an increase in the a-
helical content from 8% (for the acid-denatured BLA) to
38% in the 5.5 M tert-butanol-induced state of BLA, a value
much higher than that of the native BLA. Since alcohols are
known to induce a-helical structure in proteins [18,23], pres-
ence of higher a-helical content in tert-butanol-induced state
was not unusual. Around 3-fold increase in the MRE222nm
value (Table 2) along with the occurrence of minima at 209
and 221 nm (Fig. 4A) was noticed in the 5.5 M tert-butanol-
induced state. These results suggested induction of the helical
structure in the acid-denatured BLA in the presence of 5.5 M
tert-butanol.
3.2.2. Intrinsic ﬂuorescence spectra
Alteration in the tertiary structure of a protein as reﬂected
from the change in the microenvironment of Trp and Tyr res-
idues can be investigated from the intrinsic ﬂuorescence spec-of BLA.
Acid-denatured state 5.5 M tert-Butanol-induced state
– 4649 –13,911
8 38
241.8 627
344 nm 338 nm
200 22
474 nm 451 nm
8.0 7.0
– No
Alcohol-induced structural transitions S355tra in the wavelength range, 300–400 nm upon excitation at
280 nm. Fig. 4B shows intrinsic ﬂuorescence spectrum of
native BLA, characterized by the presence of an emission max-
imum around 337 nm, which was suggestive of the presence of
Trp residues [39]. A signiﬁcant red shift (7 nm) from 337 to
344 nm along with a marked decrease (72%) in the ﬂuores-
cence intensity at the emission maximum was observed in ﬂuo-
rescence spectrum of the acid-denatured BLA (Fig. 4B,
Table 2). Both decrease in the ﬂuorescence intensity and redFigure 5 Three-dimensional ﬂuorescence spectra and corresponding c
pH 2.0, obtained in the absence (B; B0) and presence of 5.5 M tert-buta
0.1 lM.shift in the emission maximum can be attributed to the change
in the microenvironment around Tyr and Trp residues from
nonpolar to polar, suggesting partial unfolding of the protein
in the acid-denatured state [42]. Interestingly, addition of
5.5 M tert-butanol to the acid-denatured BLA produced a sig-
niﬁcant increase (2.6-fold) in the ﬂuorescence intensity,
which was accompanied by 6 nm blue shift in the emission
maximum (Fig. 4B, Table 2). Both these characteristics indi-
cated signiﬁcant structural reorganization close to the nativeontour maps of native BLA (A; A0) and the acid-denatured BLA at
nol (C; C0), recorded at 25 C. The protein concentration used was
S356 A.A.A. Halim et al.state in terms of the microenvironment around aromatic resi-
dues. More precisely, these results suggested internalization
of Tyr and Trp residues in a nonpolar/hydrophobic environ-
ment due to the formation of a more compact structure [9].
3.2.3. ANS ﬂuorescence spectra
ANS binding, which is known to bind the hydrophobic regions
in the protein was also used to study the tertiary structural
changes in the acid-denatured BLA produced by various alco-
hols. The ANS ﬂuorescence spectra obtained with different
states of BLA are shown in Fig. 4C. Native BLA produced a
weak ﬂuorescence signal with an emission maximum at
448 nm, suggesting burial of the hydrophobic regions in the
protein interior. Interestingly, a signiﬁcant increase (6-fold)
in the ANS ﬂuorescence intensity at the emission maximum
along with a marked red shift (26 nm) in the emission maxi-
mum was observed in the acid-denatured BLA (Fig. 4C,
Table 2), which indicated exposure of the solvent accessible
hydrophobic regions of the protein. This result was in accor-
dance with the previously published reports on other proteins
[30,58]. On the other hand, presence of 5.5 M tert-butanol in
the acid-denatured BLA reverted the ANS ﬂuorescence char-
acteristics of the acid-denatured BLA close to the native state
as evident from the 89% decrease in the ANS ﬂuorescence
intensity at the emission maximum along with 23 nm blue shift
in the emission maximum (Fig. 4C, Table 2). Both these changes
in the ANS ﬂuorescence characteristics were suggestive of the
burial of the ANS binding sites in the protein interior, in the
5.5 M tert-butanol-induced state. These results were in agree-
ment with our CD spectral and intrinsic ﬂuorescence results,
suggesting restructuring of the acid-denatured conformation
into a compact folded state.
3.2.4. Three-dimensional ﬂuorescence spectra
In order to validate the results obtained by intrinsic ﬂuores-
cence and ANS ﬂuorescence spectra regarding tertiary
structural changes in BLA, characterization of differentTable 3 Three-dimensional ﬂuorescence spectral charac
BLA Peak No. P
Native state a
b
1
2
2
2
2
2
Acid-denatured state a
b
1
2
2
2
2
2
5.5 M tert-Butanol-induced state
a
b
1
2
2
2
2
2conformational states of BLA was made by three-dimensional
(3-D) ﬂuorescence spectroscopy. Fig. 5 shows 3-D ﬂuorescence
spectra and corresponding contour maps of BLA in the native
state (A and A0), acid-denatured state (B and B0) and 5.5 M
tert-butanol-induced state (C and C0). The details of 3-D ﬂuo-
rescence spectral characteristics of these conformational states
in terms of the intensity and peak position are given in Table 3.
Peaks a and b represented the Rayleigh scattering peak
(kem = kex) and second-order scattering peak (kem = 2kex),
respectively. Peaks 1 and 2 showed the ﬂuorescence character-
istics of Trp and Tyr residues [19]. The ﬂuorescence intensity
values of the peaks 1 and 2 of native BLA were signiﬁcantly
reduced by 52% and 62% in the acid-denatured state along
with a red shift of 7 and 6 nm, respectively (Table 3), suggest-
ing exposure of ﬂuorophores (Trp and Tyr) to a polar environ-
ment. These results indicated disruption of the tertiary
structure as a result of partial unfolding of the polypeptide
chain that occurred in the acid-denatured state of the protein
and agreed well with earlier reports on other proteins [30,58].
On the other hand, the ﬂuorescence intensity values of the
peaks 1 and 2 in the acid-denatured BLA increased signiﬁ-
cantly by 87% and 53%, respectively in the presence of
5.5 M tert-butanol (Table 3). While, there was no signiﬁcant
change in the emission maximum of peak 2, peak 1 showed
a signiﬁcant blue shift of 5 nm in the 5.5 M tert-butanol-
induced state. Both increase in the ﬂuorescence intensity along
with a blue shift indicated burial of the ﬂuorophores in the
nonpolar environment of the protein, suggesting formation
of a more compact structure. These results suggested partial
refolding of the acid-denatured BLA in the presence of
5.5 M tert-butanol and agreed well with other spectral results.3.2.5. Acrylamide quenching
The microenvironmental changes around Trp residues in dif-
ferent states of BLA were checked by acrylamide quenching
experiments. Fig. 6 shows Stern–Volmer plots obtained with
native, acid-denatured and 5.5 M tert-butanol-induced statesteristics of different conformational states of BLA.
eak position [kex/kem (nm/nm)] Intensity
30/230ﬁ 350/350 26.05ﬁ 139.05
50/500 51.69
80/338 492.23
30/338 645.37
30/230ﬁ 350/350 31.00ﬁ 295.49
50/500 126.76
80/345 236.86
30/344 243.51
30/230ﬁ 350/350 113.03ﬁ 577.26
50/500 654.88
80/340 442.56
30/345 372.98
Figure 6 Stern–Volmer plots of different conformational states
of BLA, as obtained by acrylamide quenching results, using a
protein concentration of 0.1 lM. Different conformational states
of BLA are shown as: native state (s), acid-denatured state (d)
and 5.5 M tert-butanol-induced state ( ). Acrylamide quenching
data obtained with NATA is shown by symbol (4).
Alcohol-induced structural transitions S357of BLA. The acrylamide quenching result of NATA is also
included as the reference for the complete exposure of Trp res-
idues. The Stern–Volmer constant, KSV values, as obtained
from the slope of these plots are given in Table 2. The KSV
value (2.5 M1) of native BLA was found to be the lowest,
indicating burial of the Trp residues in the native protein.
On the other hand, acid-denatured BLA showed a higher
KSV value (8.0 M
1) compared to native BLA, suggesting
exposure of Trp residues due to partial unfolding of the pro-
tein upon acid denaturation. However, this value was found
much lower than the KSV value obtained with NATA
(22.8 M1), conﬁrming partial unfolding of the protein.
Acid-denatured state of BAA at pH 2.25 has also been shown
to produce a signiﬁcantly higher KSV value compared to thatFigure 7 Temperature dependence of the far-UV CD spectral
signal, MRE222nm of different conformational states of BLA i.e.
native state ( ), acid-denatured state ( ) and 5.5 M tert-
butanol-induced state ( ).obtained with the native state [55]. Presence of 5.5 M tert-buta-
nol in the acid-denatured BLA reduced the KSV value of the
acid-denatured BLA from 8.0 to 7.0 M1, suggesting burial
of a few Trp residues (previously exposed) in the protein inte-
rior [45]. These results further supported our far-UV CD and
ﬂuorescence spectral results, showing a more compact acid-
denatured state as revealed by the increased MRE222nm,
increased ﬂuorescence intensity along with blue shift in the
emission maximum, observed in the presence of 5.5 M tert-
butanol.
3.2.6. Thermal denaturation
Thermal transition curves of the different states of BLA, as
obtained from MRE222nm measurements are shown in
Fig. 7. As can be seen from the ﬁgure, native BLA showed
a cooperative transition, characterized by a sharp decrease
in the MRE222nm value within the temperature range, 60–
77 C along with the occurrence of the Tm value at 68 C.
This agreed well with the Tm value of BLA, obtained from
differential scanning calorimetry experiments [26]. In an ear-
lier report, thermal transitions of BLA and BAA have been
shown to be cooperative in nature [21]. In contrast, no signif-
icant change in the MRE222nm value was noticed in the acid-
denatured BLA throughout the temperature range (Fig. 7),
suggesting thermal stability of the enzyme with respect to
the a-helical content in the acid-denatured state. It appears
that the acid-denatured state of BLA might be similar to
the thermal-denatured state in terms of helical stability. Ther-
mal stability of the acid-denatured glucoamylase within the
temperature range, 25–100 C has also been reported [58].
Although, the presence of 5.5 M tert-butanol in the acid-
denatured BLA reverted signiﬁcant a-helical structure in
the protein, as evident from the increase in MRE222nm value
(Fig. 4A), tert-butanol-induced state failed to produce a
cooperative thermal transition within 25–100 C (Fig. 7), as
observed with native BLA. These results suggested the for-
mation of a different compact structure in the presence of
5.5 M tert-butanol, when compared to native BLA. This
was in agreement with our far-UV CD, intrinsic ﬂuorescence
and ANS ﬂuorescence results.
4. Conclusions
Taken together, results obtained from MRE222nm and intrinsic
ﬂuorescence measurements showed the order of the effective-
ness of alcohols as: TFE/tert-butanol > 1-propanol/2-propa-
nol > 2-chloroethanol > ethanol > methanol, in inducing a
partially folded state (compact state) in the acid-denatured
BLA. ANS ﬂuorescence results also showed a similar order
of effectiveness of these alcohols except TFE and 2-chloroeth-
anol. This agreed well with the previously published reports on
the alcohol-induced structural transitions of the acid-dena-
tured state of other proteins [17,18,24,59].
Although, alcohols have been shown to refold the acid-
denatured state of various proteins into a folded conformation
[24,59], the exact mechanism of structural perturbation of
protein’s secondary and tertiary structures induced by these
alcohols is not fully understood. According to one theory,
alcohols decrease the polarity of the solvent around protein,
thus weaken the hydrogen bonds between water molecules and
peptide groups, resulting in the stabilization of intramolecular
S358 A.A.A. Halim et al.hydrogen bonds required for a-helical structure stabilization
[7,28]. This mechanism has been supported by the favorable
entropic and enthalpic effects as well as reduced dielectric con-
stant, observed in the presence of alcohols [3,36,51,53,56].
Both number of carbon atoms (hydrocarbon groups) and the
accessible surface area have been found to play a signiﬁcant
role in increasing the effectiveness of alcohols. A decrease in
the order of effectiveness from tert-butanol to methanol
as found in this study supported the theory of additive
contribution of all constituent groups in alcohol toward its
effectiveness [17,18,24,59].
All these results showed partial refolding in the acid-dena-
tured BLA in the presence of various alcohols used in this
study and their order of effectiveness was found to be TFE/
tert-butanol > 1-propanol/2-propanol > 2-chloroethanol >
ethanol > methanol.
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